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ABSTRACT

This paper describes a research project f o r CAD-based o f f - l i n e
robot programming. The research focuses on the spec i f ic problem
of programming robots i n the Cleaning and Deburring Workstation
i n the Automated Manufacturing Research Fac i l i t y (AMRF) a t the
Nat ional Bureau of Standards (NBS). A baseline capab i l i t y i s
f i rs t es tab l i shed w i t h a commerc ia l ly a v a i l a b l e o f f - l i n e
programming software package. From this experience, t he package
will be modi f ied t o incorporate geometric reasoning, an object
o r i e n t e d database, and an NBS h i e r a r c h i c a l c o n t r o l system.
Eventual ly, t h e o f f - l i n e programming techniques will produce
executable programs which w i l l be run by the NBS h ie ra rch ica l
con t ro l system.

INTRODUCTION

The use o f o f f - l i n e programming f o r robots i s an impor tan t
research issue f o r t w o very fundamental reasons. The f i r s t
reason i s economic. The t rad i t i ona l teach pendant methods f o r
programming a robot a re o f ten i m p r a c t i c a l because t h e r o b o t
cannot simultaneously be used f o r teaching and working. These
methods represent an acceptable a l t e r n a t i v e when t h e t i m e
requ i red t o teach t h e robot i s a Smal l percentage o f the t o t a l
t i m e t h e program will be used. Many app l i ca t i ons fit th is
requ i remen t . For example, robo t we ld i ng o f c a r frames m a y
requ i re a full day o f programming but since the program w i l l be
used f o r one year, t he re i s suff ic ient economic j u s t i f i c a t i o n f o r
the method. O n t h e o t h e r hand, these techniques a re
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i napp rop r ia te f o r sma l l ba tch manufactur ing, which i s a
par t i cu la r l y impor tant segment o f manufacturing processes.

. A second m o t i v a t i o n f o r o f f - l i n e programming i s s a f e t y :
personnel safety, robot sa fe ty , and environmental sa fe ty . By
simulat ing the actions o f t h e robot, t h e robot 's actions can be
predicted by i t s human operators. This could prevent s i tuat ions
which are dangerous f o r personnel when tes t ing the program on the
r e a l robot. Also, by simulat ing t h e robot program, there i s less
p o s s i b i l i t y t h a t t h e r o b o t w i l l damage i t s e l f due t o
inappropriate commands. Finally, t h e robot can cause extensive
damage t o other machines, j igs, etc,, i n i t s workspace, O f f - l i n e
programming and simulat ion can o f t e n detec t these errors before
the catastrophe occurs.

This paper describes o f f - l i ne programming w i t h a focused goal i n
mind . The robots are used in a facto ry environment t o clean and
deburr workpieces which are made by machine tools. While t h e
appl icat ion area i s q u i t e speci f ic , t h e intent o f t he pro jec t i s
t o develop gener ic c a p a b i l i t i e s f o r o f f - l i n e programming
techniques which can be applied t o any robot programming problem.

The paper w i l l f i r s t describe t h e AMRF p ro jec t i n general and t h e
C lean ing and Deburring Workstat ion as it r e l a t e s t o t h e
appl icat ion. Then, an overview o f t h e NBS h ie ra rch ica l cont ro l
paradigm w i l l be presented. This i s fo l lowed by a descr ipt ion
o f the t w o phases o f t h e project . F ina l ly , an a t tempt i s made t o
identi fy some o f the research areas which need t o be explored i n
order t o r e a l i z e o f f - l i n e programming.

OVERVIEW OF THE AMRF

The Automated Manufactur ing Research F a c i l i t y (AMRF) a t t h e
N a t i o n a l Bureau o f Standards (NBS) i s a s m a l l batch, m e t a l
machining shop where robots, NC machines, AGVs, and a grea t dea l
o f software are in tegra ted into a " fac to ry o f the future " [l].
The AMRF i s shown i n Figure 1. It consists o f f i v e workstations:
t h e ho r i zon ta l Workstat ion , t h e v e r t i c a l works ta t i on , t h e
turning workstation , the cleaning and deburring workstation, and
t h e automat ic inspect ion workstation. A robot c a r t provides the
workstations w i t h r a w m a t e r i a l and removes finished parts. A
robot i n each workstation feeds the machines the requ i red pa r t s
t o complete a job. The AMRF was t h e f i r s t de l i be ra te at tempt t o
t i e t o g e t h e r sensory processing, wor ld modeling, and r o b o t
con t ro l i n a generic fashion [2,3,4].

Workpieces are sent through some sequence o f machine too l s t o
remove m a t e r i a l f r o m the or ig inal blank workpieces. This process
o f t e n r e s u l t s i n t h e c r e a t i o n o f sharp bur rs which must be
removed. The Cleaning and Deburring Workstation i s the f ina l
production step f o r t h e workpieces. It i s composed o f t w o robots
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which perform th ree d is t inc t operations: deburring, washing, and
buffing. The robots can w o r k e i t h e r independently o r they can
cooperate i n t h e execu t ion o f p a r t i c u l a r tasks . F igure 2
i l l u s t r a t e s t h e layout o f the Clean ing and Deburring Workstation.
For m o r e d e t a i l about t h i s workstat ion see C51.

HIERARCHICAL CONTROL FUNCTIONAL ARCHITECTURE

The fundamental paradigm o f the control system i s shown in Figure
3. The control system archi tecture i s a three legged hierarchy
of computing modules, serviced by a communications system and a
global memory. The task decomposition modules perform r e a l - t i m e
planning and task monitor ing funct ions: t h e y decompose task
goals both s p a t i a l l y and tempo ra l l y . The sensory process ing
modules filter, co r re la te , de tec t , and i n t e g r a t e sensory
information over both space and t i m e in order t o recognize and
measure patterns, features, objects, events, and relat ionships i n
the ex te rna l world. The world modeling modules answer queries,
make predictions, and compute evaluat ion functions on the s ta te
space def ined by the information stored i n global memory . Global
m e m o r y i s a database which contains the system's best est imate of
the s t a t e o f the ex te rna l world. The world modeling modules keep
t h e global memory database current and consistent.

Task Decomposition Modules (Plan, Execute)

The f i r s t l e g o f t he hierarchy consists o f task decomposition
modules which plan and execute the decomposition of high l e v e l
goals into l o w l e v e l actions. Task decomposition involves both a
temporal decomposition ( i n t o sequent ia l actions along t h e t i m e
l ine) and a spa t i a l decomposition ( i n t o concurrent actions by
d i f f e ren t subsystems). Each task decomposition module a t each
l e v e l o f the hierarchy consists o f a job assignment manager, a
set o f planners, and a s e t o f executors.

World Modeling Modules (Remember, Est imate, Pred ic t , Eva luate)

The second l e g o f t h e hierarchy cons is t s o f w o r l d model ing
modules which model ( i . e . remember, es t ima te , p r e d i c t ) and
e v a l u a t e t h e s t a t e o f t h e world. The " w o r l d model " i s t h e
system's best est imate and evaluation o f the history, current
s ta te , and possible future s t a t e s o f the world, including t h e
s t a t e s o f t h e system being cont ro l led . The " wor ld model "
includes both t h e world modeling modules and a knowledge base
stored i n a global m e m o r y database where s t a t e variables, maps,
l i s t s o f objects and events, and at t r ibu tes o f objects and events
a re maintained. By this def ini t ion, the w o r l d model corresponds
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t o w h a t i s widely k n o w n throughout the a r t i f i c i a l i n t e l l i g e n c e
c o m m u n i t y as a "blackboard " . The w o r l d model p e r f o r m s t h e
fo l lowing functions:

1.

2.

3.

4.

Ma in ta in t h e global memory knowledge base by accepting
information f r o m the sensory system.

Provide predict ions o f expected sensory input t o t h e
corresponding sensory processing modules, based on the
s t a t e o f the task and est imates o f the externa l world.

A n s w e r "What if?"questions asked by the planners i n
the corresponding l e v e l t a s k decomposit ion modules.
The wor ld modeling modules p r e d i c t t h e r e s u l t s of
hypothesized actions.

Answer "What i s ? " questions asked by the executors i n
the corresponding l e v e l task decomposition modules. The
task executor can reques t t h e values o f any system
variable.

Sensory Processing Modules ( F i l t e r , In tegra te , Detect, Measure)

The third l e g o f the hierarchy consists of sensory processing
modules. These recognize pat terns, detect events, and f i l ter
and i n t e g r a t e sensory i n f o r m a t i o n o v e r space and t i m e . The
sensory processing modules a t each l e v e l compare w o r l d model
predict ions w i t h sensory observations and compute cor re la t ion
and d i f fe rence functions. These are integrated over t i m e and
space so as t o fuse sensory information f r o m m u l t i p l e sources
over extended t i m e i n t e r v a l s . Newly d e t e c t e d o r recognized
events, objects, and r e l a t i o n s h i p s a r e e n t e r e d by t h e wor ld
modeling modules into the world model global memory database, and
ob jec ts o r re l a t i onsh ips perce ived t o no longer e x i s t a r e
removed. The sensory processing modules also contain functions
which can compute confidence f a c t o r s and p r o b a b i l i t i e s o f
recognized events, and s t a t i s t i c a l est imates of stochastic s ta te
var iab le values.

Opera to r I n te r f ace (Contro l , De f ine Goals, Ind ica te Objec ts )

The contro l a rch i tec tu re def ined here has an operator i n t e r f ace
a t each l e v e l i n the hierarchy. The operator i n t e r f a c e provides
a means by which human operators can observe and supervise the
system. Each l e v e l o f the task decomposition hierarchy provides
an i n t e r f a c e where the human operator can assume control . The
commands i n t o any l e v e l can be derived e i t h e r f r o m t h e higher
l e v e l task decomposition module, f r o m the operator In te r face , o r
f r o m some combinat ion o f t h e t w o . Using a v a r i e t y o f input
devices such as a joys t i ck , mouse, t r a c k b a l l , l i g h t pen,

4



keyboard, v o i c e input, etC., a human opera to r can e n t e r t h e
contro l h ierarchy a t any l e v e l , a t any t i m e o f h i s choosing, t o
monitor a process, t o inser t information, t o interrupt automatic
operat ion and take con t ro l o f the task being performed, o r t o
apply human i n t e l l i g e n c e t o sensory processing or w o r l d model ing
functions.

OFF-LINE PROGRAMMING

The u l t ima te goal o f the NBS o f f - l i n e programming pro ject i s t o
develop the capabi l i ty t o w r i t e a robot program and then down-
load it t o the NBS control system. This i s shown i n Figure 4.
The programmer develops a robot program on the o f f - l i n e system
and simulates it using too ls such as graphic screens. Once the
programmer i s sa t i s f i ed t h a t the program operates correct ly , the
program can be downloaded t o t h e approp r ia te modules i n t h e
sys t e m.
While the robot control system has s i x leve ls i n the hierarchy,
only three leve ls are task dependent. The lower three leve l s are
robot dependent but task independent. Consequently, these lower
l e v e l s can be considered t o embody a generic s e t o f capab i l i t i es
which all tasks can use. The o f f - l i ne programming system does
not i n t e r a c t w i t h these leve ls .

To accomplish any task, the o f f - l i ne programming system m u s t send
appropr ia te i n f o r m a t i o n i n t o the modules in t h e upper t h r e e
l e v e l s o f the hierarchy. This i s a great deal m o r e complicated
than simply downloading a program since the information m u s t be
divided among leve ls as w e l l as the task decomposition, world
modeling, and sensory processing modules. For example, the o f f -
l ine programming system will use CAD s t y l e representations o f
par ts i n i t s simulation. Once the desired program i s developed,
these CAD p a r t rep resen ta t ions m u s t be downloaded into t h e
appropr iate world model module. The ins t ruc t i ons concerning
precisely w h a t i s t o be done reside in the task decomposition
modules. There may also be algorithms sent f r o m t h e o f f - l ine
programming system t o the sensory process ing modules. It i s
expected t h a t geometric reasoning will be used i n the execution
o f many tasks.

The of f - l ine programming system previously described presents the
long range goal. In the r e a l i z a t i o n o f such a system, it i s only
reasonable t o phase the progress toward the goal. Consequently,
t w o i n t e r m e d i a t e phases o f t h e p r o j e c t w i l l be bu i l t . The
initial phase o f the p ro j ec t i s i l l u s t r a t e d i n Figure 5 where a
commercially ava i lab le o f f - l i n e programming software t o o l i s
in teg ra ted into the Cleaning and Deburr ing Workstation. The o f f -
l ine programming system used i s the C i m S t a t i o n package. A CAD
system (ComputerVision) i s used t o develop workpiece models which
need deburring. The o f f - l i n e programming has a model o f each
robot, a model o f the workcell , and a graphics package t o display

5



a simulat ion o f the task being executed. The CAD system sends
IGES f i l e s t o t h e o f f - l i n e programming system w h i c h then
incorporates these workpiece models into the workcel l model. The
programmer works i n t h e C i m S t a t i o n ' s programming language ( S I L )
t o c rea te a robot program t o perform a task. A f t e r t h e task i s
simulated on the graphics screen and works t o t h e sat is fac t ion o f
the programmer, it i s sent t o t h e program post processor. For
t h e Clean ing and Deburring Workstat ion i n t h e AMRF, S I L i s
converted i n t o the robot language VAL for t he Unimate Robots.

The nex t phase o f t h e p r o j e c t r e p l a c e s t h e commercia l r obo t
cont ro l le r w i t h t he NBS h ierarch ica l system as shown i n Figure 6.
In col laborat ion w i t h another NBS division, an object or iented
database w i l l be developed which in teracts w i t h the CAD system
and the w o r l d modeling modules within t h e NBS robot control ler .
This allows a much more sophisticated use of sensory processing
and wor ld modeling i n the rea l - t ime contro l system. This impl ies
several enhancements t o the off - l ine programming system: a much
more sophisticated program post processor t o convert S I L t o the
information sent t o each module i n the NBS contro l ler , a method
t o simulate the sensory processing requ i red t o support t h e task,
a method t o ca l i b ra te the sensory feedback w i t h the actual wor ld
coordinates o f the workspace, etc. These improvements will help
develop a b e t t e r understanding o f t h e problem so tha t progress
can be made toward the u l t i m a t e o f f - l ine programming system.

CONCLUSIONS

This paper describes a research program f o r o f f - l ine programming.
The u l t i m a t e goa l o f t h e CAD - based approach t o o f f - l i n e
programming i s t o develop a "seamless " method t o proceed f r o m the
appl ica t ion concept t o the app l i ca t i on program. The m a j o r
conclusion drawn f r o m this w o r k i s t h a t the re are several cen t ra l
research issues which need t o be addressed by t h e s c i e n t i f i c
community before substantial progress can be made. It i s hoped
tha t these issues can be explored during the workshop.

The issue w i t h t h e most impac t i s d a t a representa t ion . This
problem i s man i fes ted i n severa l ways f o r CAD - based o f f - l i n e
programming. The f i r s t concerns the representation o f t he task.
It i s w e l l known t h a t the way i n w h i c h data i s represented can
have a profound e f f e c t upon t h e algorithms using t h a t data. For
example, 1078+89 can be performed by an a lgo r i thm l e a r n e d i n
e lementary school when t h e numbers a r e rep resen ted by A r a b i c
numerals. Suppose t h e numbers we re rep resen ted w i t h Roman
numerals. The "congruence " between t h e algorithm and the data
has been upset i n spi te o f the f a c t t h a t t h e r e i s no change o f
information content. In t h e same way, the representat ion o f t he
task i n the world model modules and the algorithms which execute
the task i n t h e task decomposition modules are inexorably linked.
Unfortunately, there i s little theory on w h a t a task means l e t
alone h o w t o r e p r e s e n t it. There i s t h e "gut " f ee l i ng , f o r
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example, t h a t a l l assembly tasks a r e s i m i l a r i n some w a y but
t h e r e i s no c l e a r d i r e c t i o n on h o w t o c a p i t a l i z e on t h i s
p o t e n t i a l s i m i l a r i t y .

A s i m i l a r problem i n da ta r e p r e s e n t a t i o n concerns t h e CAD
r e p r e s e n t a t i o n o f pa r t s . The v a s t m a j o r i t y o f CAD
rep resen ta t i ons f a l l i n t o e i t h e r cons t r uc t i ve s o l i d geometry
(CSG) o r boundary representat ion (B- rep) approaches. Ne i the r i s
su i tab le f o r a l l o f the algorithms required i n a robot con t ro l
system [ S I . Perhaps the concept of t he object or iented database
171 w i l l be useful t o l ink t o g e t h e r s e v e r a l o b j e c t
representa t ions i n an e f f i c i e n t s t ructure so t h a t t h e proper
information i s avai lable t o a l l algorithms requiring the data.

Another area o f in te res t i s geometric reasoning. Algorithms need
t o be developed which use world modeling data representat ions t o
automat ical ly create reasonable sequences of act ions for tasks
such as assembly. This i s especial ly important a t t h e ins tan t
where t h e robot changes f r o m f r e e space mot ion t o mot ions i n
contact w i t h the environment.

It should be noted t h a t the problem o f choosing an appropriate
robot language has i n one sense been finessed. A f t e r t he initial
phase where VAL i s used, the project w i l l focus on integrat ing
the of f - l ine programming w i t h the NBS hierarchy d i rec t l y without
the use o f any commercially ava i lab le robot language. This stems
f r o m t h e f a c t t h a t t he robo t languages which a r e c u r r e n t l y
a v a i l a b l e o f t e n s u f f e r f r o m t h e melange o f c o n s t r u c t s f r o m
d i f f e r e n t h ie ra rch ica l l eve l s as w e l l as f r o m t h e h ierarch ies
inherent i n the task decomposition, world modeling, and sensory
processing modules. A s a r e s u l t , these languages do n o t fit
natura l ly i n t h e NBS h i e r a r c h i c a l con t ro l sys tem paradigm.
Consequently, the o f f - l i n e programming system m u s t be ab le t o
conver t t h e representa t ion o f t h e t a s k into t h e i n f o r m a t i o n
requ i r ed by each module. This process could be considered
analogous t o a compiler. In any case, a substant ia l amount o f
e f f o r t i s required i n the r e a l i z a t i o n o f t h i s goal.

It can be argued t h a t a la rge p a r t o f the incompatibi l i ty between
robots and robot languages i s the d i r e c t r esu l t o f a lack o f
standards. The NASREM [ a ] funct ional a r c h i t e c t u r e , which
describes a generic h i e r a r c h i c a l l y organized robot c o n t r o l
s t ra tegy o f te lerobot , i s an a t tempt toward developing such a
standard .
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